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Abstract 


This study presents a novel fuel sensor-less control scheme for a liquid feed fuel cell system that does not rely on a fuel concentration sensor. 
The proposed approach simplifies the design and reduces the cost and complexity of a liquid feed fuel cell system, and is especially suited to 
portable power sources, of which the volume and weight are important. During the reaction of a fuel cell, the cell’s operating characteristics, such 
as potential, current and power are measured to control the supply of fuel and regulate its concentration to optimize performance. Experiments 
were conducted to verify that the fuel sensor-less control algorithm is effective in the liquid feed fuel cell system. 


© 2006 Elsevier B.V. All rights reserved. 
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1. Introduction 


A liquid feed fuel cell like direct methanol fuel cell (DMFC) 
has been a promising candidate for portable applications in 
recent years. DMFC differs from other power generating 
devices, such as PEMFC, in that the former uses methanol as fuel 
rather than hydrogen, since it has a higher energy density. Using 
liquid methanol as a fuel in the reaction eliminates the prob- 
lem of hydrogen storage, and therefore, the risk of explosion of 
the fuel cells, significantly increasing both the convenience and 
safety of the fuel cells, and making DMFC more adaptable to 
portable power applications such as laptops, PDAs, camcorders 
and others. 

The methanol concentration significantly influences the per- 
formance of the DMFC system. The power output becomes low 
and unstable when the methanol concentration falls below a pre- 
determined range. When the methanol concentration surpasses 
that predetermined range, the output power may be sustained, 
but if the methanol concentration is excessive, then methanol 
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crossover becomes an issue. DMFC suffers from methanol 
crossover from anode to cathode through the membrane of 
electrolyte, which causes considerable loss in fuel efficiency. 
Regulating the supply of fuel is essential in maintaining the 
methanol concentration in a predetermined range in which the 
DMFC system can operate optimally. 

A fuel sensor, such as a methanol concentration sensor, is 
typically adopted to detect the concentration of methanol, pro- 
viding information that can be used by the control system to 
judge appropriate timing for supplying methanol. Two types of 
methanol concentration sensor with different operating princi- 
ples exist. The first type is based on electrochemical sensing; 
the second is based on physical sensing [1]. Important issues 
are associated with both. With respect to the electrochemical 
sensor, the issues are degradation of the MEAs and the dete- 
rioration of catalysts and electrodes over time. Accordingly, 
frequent calibrations are required to ensure accuracy and resolu- 
tion [2]. The fuel sensor-based measurement system also raises 
stability and durability issues: a larger measurement uncertainty 
reduces the control accuracy. A physical sensor typically must 
be employed with auxiliary driving devices and other sensors, 
like a thermometer, in a measurement system. Meanwhile, phys- 
ical sensors are generally temperature-dependent and require 
temperature compensation, increasing complexity of the mea- 
surement system and making the use of such a sensor more 
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difficult. For example, the ultrasonic sensors have problems with 
changes in output sensitivity over temperature that result in poor 
differentiability [1]. Additionally, such experimental tasks as 
calibration are necessary when a physical sensor is adopted. 
Although this approach can be used to control the concentration 
of the fuel, it nevertheless has the shortcomings of increasing 
the complexity and the cost of a liquid feed fuel cell system. 

Very little published literature exits on fuel sensor-less con- 
trol over the liquid feed fuel cell that can aid in reducing the 
cost and complexity associated with the use of fuel concentra- 
tion sensor. Acker et al. [3] provided a method for regulating 
the concentration of methanol based on the system’s operating 
characteristics. One or more operating characteristics of the fuel 
cell, such as the open circuit potential, the potential at the anode 
near the end of the fuel flow path and the short circuit current 
of the fuel cell are used actively to control the concentration of 
methanol. The shortcoming of such an approach is that when the 
open circuit potential or the short circuit current is measured, the 
load must be opened or short-circuited, both of which actions 
require switching the power supply to the back up battery. Mea- 
surements must be made routinely to regulate fuel concentration 
while the battery supplies the power. Moreover, since a short cir- 
cuit is periodically required to detect the current, the fuel cell can 
be easily damaged, affecting the stability of the fuel cell system. 
However, the aforementioned methods are based on predeter- 
mined measurements of the fuel cell system. The monitoring 
and control of the methanol concentration are loose, because of 
the complexity of the operation of fuel cells and the degradation 
of MEAs. 

Zhang et al. [4] presented an indirect approach for determin- 
ing the concentration of methanol in a fuel stream based on 
measurements of the temperature of the fuel stream as it enters 
the fuel cell stack, the operating temperature of the fuel cell 
stack and the load current. This approach is based on the prede- 
termined measurement of the fuel cell system; it requires much 
effort to calculate the concentration of an operating DMFC sys- 
tem. The amount of calibration data should be large and these 
data must be stored in memory, increasing the volume and weight 
of the portable power sources. This scheme suffers from degra- 
dation of the MEA, and consequent performance degradation 
over time. Chiu and Lien [5] proposed an interpolation algo- 
rithm based on constant concentration surfaces to estimate the 
concentration of methanol ina DMFC system. This indirect mea- 
surement scheme can be utilized to determine the concentration 
of methanol but it also suffers from the degradation of the MEAs. 

Given the disadvantage of the methods described above, the 
need to develop a better method for supplying fuel to a liquid 
feed fuel cell has become urgent. This work presents an impulse 
response based on discrete time fuel injection (IR-DTFD control 
scheme, which provides easier and faster control based on an 
experimentally verified algorithm. The operating characteristics 
of the DMFC stack are applied to control the power generating 
system without the need to determine the concentration of fuel, 
and the approach can survive from the degradation of MEAs. The 
fuel can be a hydrogen-rich liquid fuel such as methanol, ethanol 
or another. DMFC is considered as an example for a liquid feed 
fuel cell, to demonstrate the IR-DTFI control algorithm. 


2. System design and test rig 
2.1. Fabrication of the bipolar plate 


The bipolar plates and the membrane electrode assemblies 
(MEAs) are two main parts of a fuel cell stack. Graphite plates 
with thickness of 1.7 mm were used as bipolar plates. The bipo- 
lar plates serve to distribute air and methanol solution uniformly 
to the gas diffusion layers (GDLs) and MEAs, conducting cur- 
rent between the cells for current collection. The flow channels 
were milled in the graphite plates and the flow pattern was triple 
serpentine. The effective area of the MEA was approximately 
25cm”. The bipolar plates were developed with regard to thick- 
ness, channel geometry configurations, contact resistance, and 
electricity conductivity yielding optimized configuration in vol- 
ume and weight. The cells are connected electrically in series. 
The reactants are fed in parallel to the cells from two symmetri- 
cal manifolds. More details can be found in our previous work 
[6-8]. 


2.2. Fabrication of the stack and the membrane electrode 
assembly 


The MEAs are made up from commercially available 
membranes (Nafion 117, DuPont). The anode and cathode 
electrode were coated with Pt-Ru/C (~2 mg cm~?) and Pt/C 
(~2mgcm~’) catalysts, respectively. Two DMFC stacks with 
different number of cells (16-cell and 25-cell) were manufac- 
tured for experiments to verify IR-DTFI scheme. Under optimal 
conditions with respect to flow rate of reactants, temperature, 
and flow channel configurations, the average electricity output 
of the 16-cell stack is above 17 W. 


2.3. The IR-DTFI control strategy for DMFC system 


Fig. 1 described in the following shows the flow chart of the 
IR-DTFI strategy. Step A1 starts to determine a specific moni- 
toring period according to the load. Fig. 2 plots the polarization 
curve of the fuel cell and explains how to determine the mon- 
itoring period. The power curve has a maximum power Pmax, 
and the corresponding Imax is a suggested value for deciding 
the minimum duration for the specific monitoring period. The 
system control unit determines the specific monitoring period, 
at any constant current discharging condition, inversely propor- 
tional to Imax. In addition, the minimum specific monitoring 
period at Imax is predetermined through experiment. Therefore, 
the specific monitoring period is the duration that the fuel cell 
can sustain the load Jmax within the injection of a specific amount 
of fuel. Step A2 feeds a specific amount of fuel into the mix- 
ing tank. Fig. 3 plots the measurement system, system control, 
and fuel-feeding unit for the verification and evaluation of the 
IR-DTFI control scheme. 

Then, step A3 measures the operating characteristics of the 
fuel cell over the specific monitoring period. The operating char- 
acteristic value here can be potential, current, or power measured 
at the stack terminal. Step A4 obtains a first characteristic value 
during a time interval before the end of the specific monitoring 
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Fig. 1. Flow chart of the IR-DTFI control algorithm. 


period. Then the flow proceeds to step A5 to obtain a second 
characteristic value at a time point that locates at the last of the 
specific monitor time interval. As seen from trend of operat- 
ing characteristic of Fig. 7(b), the system control unit should 
have the capability to identify and determine whether the trend 
of operating characteristics are going upward or downward at 
the end of the specific monitoring period (To, Tı, T2) from the 
relation between the first and the second characteristic value. 
From this point of view, a lot of way can define the first char- 
acteristic value. Therefore, step A6 compares the first with the 
second characteristic value to judge the trend. If the second is 
smaller than the first characteristic value that means the trend 
goes downward, the algorithm returns to step A2 to feed fuel 
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Fig. 2. Definition of Pmax and Imax by polarization curve. 
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Fig. 3. Schematic diagrams of the measurement system, system control, and 
fuel-feeding unit for the verification and evaluation of the IR-DTFI control 
scheme. 


to the mixing tank. It represents that the methanol concentra- 
tion is insufficient for the mass transport of fuel at the end 
of the specific monitoring period as shown at point Tọ, Tı in 
Fig. 7(b). 

When the trend is going upward, it means that there is excess 
fuel accumulated at the end of the specific monitoring period. 
The system control unit stops injecting fuel until the trend of 
operating characteristics goes downward. As shown in Fig. 7(b), 
the excess fuel is consumed during the injection delay period 
between T and 73. By way of the comparison method, the third 
and the fourth operating characteristics are set up to determine 
when the trend will going downward after the specific monitor- 
ing period mentioned above. If the second exceeds the first that 
means trend up, then the flow proceeds to step A7 to calculate a 
third characteristic value during the new period after the specific 
monitoring period. Then, step A8 obtains a fourth characteristic 
value at the last of the new period. Step A9, then, determines 
whether the system control unit should feed fuel to the mix- 
ing tank. If the third exceeds the fourth that means trend down, 
then the algorithm goes back to step A2, and system control 
unit signals fuel feeding unit to inject fuel to the mixing tank. If 
the third is smaller than the fourth characteristic value, then the 
algorithm returns to step A7 to explore the most recent period, 
to determine an updated third characteristic value. Then step A8 
is repeated to determine an updated fourth characteristic value at 
the end of the most recent period. Again, step A9 compares the 
third with the fourth characteristic values. If the third exceeds 
the fourth, then the algorithm returns to step A2 to feed fuel 
to the mixing tank and the whole flow start again. Through the 
continuous comparison process, the repeated flow steps A7—A9 
aid in consuming and regulating the excess fuel accumulated in 
the early cycles. 

The scheme with the change of the methanol concentration 
and the corresponding cell characteristics value after each injec- 
tion of pure methanol is briefly described below. 

When the system control unit signals to inject an amount of 
methanol to the mixing tank, the operating characteristics begin 
to go upward normally due to the increasing of methanol con- 
centration. Meanwhile, owing to the methanol crossover, the 
mixed potential occurring at cathode builds up gradually and 
lowers the operating characteristics. As shown in Fig. 7(a), every 
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peak (except the two peaks caused by the injection delay) is the 
superposition of the aforementioned two trends and caused by 
the discrete time injections of neat methanol. If the concentra- 
tion is just enough, then the downward trend will approximately 
like a linear decay. If there is excess fuel accumulated, then 
the operating characteristics will go downward like most of the 
peaks shown in Fig. 7(a). With time passing away, the fuel is 
consumed gradually, and the mixed potential effect is reduced. 
Therefore, the operating characteristics will go downward, expe- 
rience the minimum values and then go upward. If the trend is 
going upward at the end of the specific monitoring period, it 
means that there is excess fuel accumulated, and the system 
control unit stop injecting neat methanol until the excess fuel 
is consumed and the trend is going downward. On the contrary, 
if the trend is going downward at the end of the specific moni- 
toring period, that means the fuel concentration is insufficient, 
then the system control unit injects the neat methanol at the 
same time. 


2.4. Test apparatus for evaluation of the IR-DTFI control 
algorithm 


Fig. 4 shows the system diagram of the IR-DTFI control algo- 
rithm for the operation of a direct methanol fuel cell, the system 
comprising: 


(1) An electronic load system (Chroma, 63030) was used to 
measure polarization curve and served as a steady load to 
evaluate the performance of the IR-DTFI control algorithm. 

(2) A feed pump in fluid transmission with a pure methanol 
reservoir and a mixing tank was applied to inject pure 
methanol to mixing tank. 

(3) A circulation pump in fluid transmission with the mixing 
tank and a direct methanol fuel cell assembly was used to 
deliver the methanol solution and the flow rate was obtained 
by weighing the fuel delivered per minute. 


Air Compressor 


DMEC Stack 


Condenser 


Mixing Tank & Venting 


(4) A pulse generator (GW INSTEK PHS-3610) was actuated 
by a microprocessor or a computer to generate pulse to drive 
the pumps described above. 

(5) A small mixing tank was applied to mix the neat methanol 
with pure water to a predetermined concentration range, 
wherein the bubble produced from anode outlet could be 
used to create turbulence thereby increase the mixing rate 
and consume no extra power. 

(6) A measurement system setup for the analysis was controlled 
through a personal computer with homemade software writ- 
ten in LabVIEW. Two programmable power supply were 
controlled to drive the feed pump and water pump. An 
electronic load and a DVD player were applied alterna- 
tively as the steady load. National Instrument USB9221, 
USB9215 and Tektronix AC/DC current probe A622 were 
used for measuring voltage and current. NI USB9211 and 
two k-type thermocouples were applied for temperature 
measurement. Neat methanol was used herein as a fuel and 
air as an oxidant. A digital refractometer #PA203, manu- 
factured by Misco Cooperation, was adopted externally to 
measure the concentration of the methanol solution sampled 
from the inlet of anode compartment. A discrete time-pulsed 
fuel injection method was developed to enable the DMFC 
power pack system to inject pure methanol into the mixing 
tank for a short duration when the operating characteristic 
was below a calculated value. The duration of the injection 
was proportional to the quantity of pure methanol that was 
injected to the mixing tank. The controlling algorithm can 
be implemented using a microprocessor, such as the 8051 
microprocessor for portable devices and is simple and cost- 
effective. The measurements verify the performance of the 
IR-DTFI control strategy. All experiments were conducted 
at room temperature (21—28 °C) at a relative humidity of 
50-80% under the normal ambient conditions of portable 
electronic devices. As shown in Fig. 4, the stack tempera- 
ture is affected by the condenser and the stack itself so that 
the stack will operate in a self-heating mode. The system 
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Fig. 4. Test apparatus for evaluation of the IR-DTFI control algorithm. 
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Fig. 5. Polarization curve of the stack (temperature 50°C, 70°C; anode flow 
rate, 130 ml min7!; cathode flow rate, 61min7!). 


control unit controls the supply of water at a fix rate, about 
0.1 cm? min™! that was determined experimentally. The fuel 
feeding referred to in this study is mainly the feeding of neat 
methanol. 


3. Results and discussion 


3.1. Open circuit voltage test and polarization test of the 
stack 


The stack of 16 cells (No. 1) generated an open circuit voltage 
(OCV) with a mean cell voltage of 0.68 V. The OCV value can 
be employed to judge the initial status of the DMFC system at 
start-up. If the OCV is below a certain threshold, then the fuel 
cell power generating system will experience some trouble. The 
OCV can be regarded as an index to verify the functioning of the 
DMFC system. Fig. 5 plots the polarization curves of the stack 
tested on an electronic load at 50°C and 70°C; the methanol 
concentration is maintained at 3 wt.% throughout the test. The 
cell temperature was controlled through the methanol solution 
that is regulated by a temperature controller and a heater. The 
temperature of the fuel solution was measured at the inlet of the 
anode compartment. The stack typically generated a 17 W mean 
power output at 50°C. 


3.2. Verification of the IR-DTFI control algorithm 


Various factors govern the performance of a DMFC sys- 
tem, such as methanol concentration, operating temperature, the 
manufacturing of the stacks and the loading conditions. Experi- 
ments were designed systematically based on the above factors 
to verify the effectiveness of the IR-DTFI control algorithm. The 
refractometer was used to measure the methanol concentration 
externally to verify the control algorithm. That assisted in get- 
ting insight of the variation of methanol concentration during 
the tests. The details are as follows. 


3.2.1. Effect of methanol injection quantity and delay time 
between two injections 

The methanol concentration is one of the most important fac- 
tors that influence the performance of DMFCs. The methanol 
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Fig. 6. Power curve variation due to methanol injection delay by the IR-DTFI 
control algorithm (temperature 25—65 °C; anode flow rate, 130 ml min~!; cath- 
ode flow rate, 61 min~!; electronic load, constant voltage, 8 V). 


concentration in the experiment was controlled by varying the 
quantity injected and the duration between two injections. The 
injection quantity is determined by the pulse width that drives 
the fuel pump. Fig. 6 plots the power and temperature curves of 
a stack of 25 cells (No. 2) for two injection quantities. The pulse 
widths were set by controlling the programmable DC power sup- 
ply using a system controller. The discharging condition was set 
at constant current 2 A in the electronic load. The control algo- 
rithm leads to power fluctuations that are the key feature of the 
IR-DTFI control scheme. These fluctuations were measured at 
the stack terminal and could be regulated through the condition- 
ing circuit for the load or could be lessened by reducing the pulse 
width that drives the feeding pump. As shown in Fig. 6, with 
pulse widths set to 50 ms and 320 ms, respectively, the ratios of 
the amplitude of the power oscillation to the mean power were 
1.9% and 20%. The wider the pulse width, the larger the power 
oscillation. The temperature variations associated with these two 
curves are 0.5 °C and 1.2°C, respectively. 

Fig. 7(a and b) represents portions of Fig. 6 with expanded 
x scales. The time delay between the two injections of neat 
methanol into the mixing tank was about 70s. The pumping 
duration and delay time were adjusted to meet the requirements 
of a specific load. As presented in Fig. 7(a), both methanol injec- 
tion delays show because excess methanol accumulated in the 
early cycles of the normal injection and finally the amount of 
excess fuel was regulated during the injection delay cycle. Every 
peak in the power curve was an instant response to the injection 
of neat methanol. As shown in Fig. 7(b), the system injected 
fuel at point To, Tı and 73. The concentration measured after 
the injection of fuel like point Tı is about 1.2 wt.% and before 
the injection of fuel like point T3, 0.7 wt.%. 


3.2.2. Effect of operating temperature 

Fig. 8 plots the stack power curves at two temperatures. The 
stack’s temperatures were controlled at two levels by a fan and 
self-heat. The discharge condition is set at constant voltage (8 V) 
by the electronic load. The ratio of the amplitudes of the power 
oscillation to the mean power were 4% and 5% according to the 
50°C and 60°C curves. The power fluctuations in Figs. 6 and 8 
reveal two important facts. The first is that the fuel injection 
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Fig. 7. Portions of Fig. 6 shows the regulation of methanol concentration by the IR-DTFI control algorithm. 
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Fig. 8. Performance variation by two temperatures (a) 50°C and (b) 60°C, electronic load, constant voltage mode, 8 V. 


quantity set by the pulse width and the pulse delay can dominate 
the stack power oscillation. The second is that the temperature 
of the stack or the environment does not influence the control 
stability or accuracy of the IR-DTFI control algorithm signifi- 
cantly. 


3.2.3. Effect of loading by electronic load 

One of the most common applications of the DMFC power 
source is as a charger. A charger generally utilizes three 
modes—constant current mode, constant voltage mode and 
pulse mode. The charger is normally designed to switch automat- 
ically among these three charging modes, according to the charge 
strategy. When DMFCs are applied as power sources for elec- 
tronic products such as DVD players, PDAs or laptops, the loads 
act roughly like constant resistances. Accordingly, the electronic 
load is set in the modes (except pulse mode) mentioned above 
in order to confirm that the DMFC system is under steady loads. 
The stack (No. 1) was a 16-cell with home-made MEAs. During 
the tests described in this section, methanol solution was fed at 
a flow rate of 130 ml min™!, while air was supplied through an 


air pump at atmospheric pressure at a flow rate of 61 min7!. 


3.2.3.1. Effect of constant voltage loading. When the electronic 
load is set in constant voltage mode, the load sinks the current 
to maintain the voltage at the programmed value. Fig. 8(b) plots 
the performance of the 16-cell stack in constant voltage mode 
at 8 V at 60°C. The average output power of the stack in this 
test is 16 W. The ratio of the amplitude of the power oscillation 


to the average power was 5% and the temperature variation was 
1.6°C. The methanol concentration was between 0.7 wt.% and 
1.2 wt.%. 


3.2.3.2. Effect of constant current loading. When the electronic 
load is set in constant current mode, the load will sink a current 
according to the programmed value regardless of input voltage. 
Fig. 9 plots the performance of 16-cell stack under constant 
current mode at 0.8 A. The ratio of the amplitude of the power 
oscillation to the average power was 4% and the temperature 
variation was 1°C. The methanol concentration was between 
0.6 wt.% and 1.3 wt.%. 
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Fig. 9. Effect of constant current loading (0.8 A) set at electronic load. 
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Fig. 10. Effect of constant resistance mode (3 Q) set at electronic load. 


3.2.3.3. Effect of constant resistance loading. When the elec- 
tronic load is in constant resistance mode, the load will sink a 
current linearly proportional to input voltage according to the 
set-up resistance. There is a double pole RC low pass filter of 
input voltage, and consequently, the high frequency parts will 
be filtered out. Fig. 10 shows the result of loading by constant 
resistance mode. The resistance was programmed set at 3 2. The 
ratio of the amplitude of the power oscillation to the average 
power was 10% and the temperature variation was 1.8 °C. The 
methanol concentration was between 0.5 wt.% and 1.2 wt.%. 


3.2.3.4. Short-term test. Fig. 11 plots the results for a 180 min 
of operation of the system. The balance temperature was within 
the range of 60-65 °C. The system was cold-started and reached 
18 W. The pulse width used to drive the feed pump was approx- 
imately 300 ms, and the amount of methanol injected to the 
mixing tank was around 0.7g. The ratio of the amplitude of 
the power oscillation to the mean power was under 4% that was 
related to the amount of methanol injected. As shown in the 
Fig. 11, the system was degraded at a rate of approximately 
0.0143 W min~!. It revealed that the IR-DTFI control algorithm 
could survive even if the stack had a continuous degradation. 


3.2.4. Demonstration for DVD player powered by DMFC 
The results shown in the above paragraphs systematically ver- 


ify that the IR-DTFI control algorithm can control DMFC to act 
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Fig. 11. 180 min test result (temperature 25-65°C; anode flow rate, 130 ml 
min” !; cathode flow rate, 61 min7!; electronic load, constant voltage, 8 V). 
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Fig. 12. DVD player test result (temperature 25-57°C; anode flow rate, 
130 ml min” !; cathode flow rate, 6lmin™!). 


like a charger in three modes set in electronic load. Addition- 
ally, a DVD player is taken as a real load for the verification 
of the IR-DTFI control algorithm. Fig. 12 plots the results 
of using a DVD player as the system load for 330 min. The 
BOP consumed approximately 7-8 W and the DVD player con- 
sumed 8—9 W. When the stack temperature reached 60°C, the 
stack output was maintained at a stable 16 W under IR-DTFI 
control algorithm. The methanol concentration in the fuel was 
0.7-1.2 wt.% throughout the experiment. The fuel efficiency was 
around 0.9-1.0 Wh cm~?. The experimental results for the DVD 
player demonstrated that the control strategy effectively con- 
trolled the methanol concentration and was suitable for liquid 
feed fuel cells. From Fig. 12, the DVD player can work under 
power fluctuations. It is clear that these power fluctuations are 
manageable. 

From all the experiments shown above, the methanol concen- 
tration was controlled within the range of 0.5-1.3 wt.% that was 
the gross result of different experiments and partly came from 
the measurement uncertainty of the refractometer. Despite the 
concentration varied about 0.8 wt.%, the methanol concentration 
in the range of 0.5-1.3 wt.% would not cause significant varia- 
tion in the mass transport of methanol for the electrochemical 
reaction and the power level. 


4. Conclusions 


A new and original fuel sensor-less control algorithm for a 
liquid feed fuel cell system was presented and verified exper- 
imentally. The analysis, features, design considerations for 
supplying fuel of a liquid feed fuel cell system were demon- 
strated. The salient findings of this work are summarized as 
follows. 

The IR-DTFI control algorithm governs the system using 
the operating characteristics of the liquid feed fuel cell sys- 
tem. Accordingly, it does not suffer from the degradation of 
MEAs. Experimental results for the 17 W prototypes are pre- 
sented to verify the operating and control principles. Throughout 
a series of tests, the ratio of the power oscillation to the mean 
power was under 10% and the methanol concentration was 
controlled within the range 0.5-1.3 wt.%. A microprocessor 
such as the 8051 can implement the controlling algorithm in 
portable devices and is simple and cost-effective. Consequently, 
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the advantages of the IR-DTFI control algorithm, including 
reducing the weight and volume and the cost; extending the 
lifetime; increasing the reliability and simplifying the control 
algorithm, make the liquid feed fuel cell system highly promis- 
ing for portable applications. 
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